B rain tumors in infants and young children are frequently large and highly vascular. While more extensive resection has been demonstrated to correlate with improved outcomes in most brain tumors in infants and young children, complete resection is often challenging due to the risks of neurological complications and excessive blood loss. 2, 4, 6 In such cases, neoadjuvant chemotherapy may reduce the size and/or the vascularity of the tumor, facilitate maximal tumor resection, and contribute to improving outcomes. 5,9 We retrospectively analyzed the intraoperative blood loss, extent of resection, neurological complications, and outcomes after secondlook surgery following neoadjuvant chemotherapy in 9 patients with brain tumors.
methods
We performed a retrospective study of 9 infants and young children who underwent a biopsy or partial resection of brain tumors followed by induction chemotherapy and second-look surgery at the National Center for Child Health and Development, Tokyo, during the period February 2004 to December 2012. The study was approved by the institutional review board of the National Center for Child Health and Development. Magnetic resonance imaging was performed in all patients before and after an initial surgery and after each course of chemotherapy to evaluate the response to chemotherapy and determine the timing of second-look surgery. All patients received several courses of chemotherapy comprising vincristine, cyclophosphamide, etoposide, and cisplatin, or ifosfamide, carboplatin, and etoposide (ICE). The choice of chemotherapy was selected mainly by the individual neurooncologist's preference. Second-look surgery was performed when no further reduction in tumor size or a regrowth of tumor was demonstrated, or when a chemotherapy-related complication such as intratumoral hemorrhage was observed. We administered at least 2 courses of the chemotherapy even when the first course of chemotherapy did not reduce the tumor size. Extent of resection was defined from MR images obtained after the second-look surgery and was categorized as gross-total resection (GTR; no radiologically apparent residual tumor), near-total resection (NTR; a reduction of > 95% in tumor volume), subtotal resection (a reduction of 50%-95% in tumor volume), or partial resection (reduction of < 50% in tumor volume). For the statistical analysis, the outcomes for the 2 groups were compared using Fisher's exact test due to the small sample size. A value of p < 0.05 was considered significant.
results

Patient characteristics
Nine consecutive patients underwent resection after neoadjuvant chemotherapy during the period February 2004 to December 2012. Patient characteristics are shown in Table 1 . The mean age at diagnosis was 18 months (range 2-50 months). There were 6 supratentorial tumors and 3 infratentorial tumors. The average largest diameter of the tumor at initial surgery was 71 mm (range 30-130 mm). One patient with choroid plexus carcinoma (CPC) had evidence of metastatic disease at diagnosis.
initial surgery
Five patients underwent partial resection, and 4 underwent biopsy as initial surgery. We did not progress to further resection because significant or life-threatening intraoperative blood loss was expected due to high vascularity and large tumor size. We confined the surgery to the biopsy when the tumor was extremely vascular. The histopathological diagnoses were ependymoma in 2 patients, anaplastic ependymoma in 1, primitive neuroectodermal tumor (PNET) in 2, CPC in 1, atypical teratoid/rhabdoid tumor (AT/RT) in 1, glioblastoma in 1, and embryonal tumor with abundant neuropil and true rosettes (ETANTR) in 1.
Neoadjuvant chemotherapy
After 2-4 courses of multiagent chemotherapy, we performed the second-look surgery. One patient with AT/RT diagnosed at 2 months of age received 4 courses of ICE chemotherapy, and 1 patient with CPC received 2 courses of ICE chemotherapy. The other 7 patients received 2 courses of the chemotherapy comprising vincristine, cyclophosphamide, etoposide, and cisplatin ( Table 2 ). In 1 patient with a PNET, intratumoral hemorrhage was observed after 2 courses of chemotherapy. The mean interval between the initial surgery and the second-look surgery was 3 months (range 2.2-4.2 months). The tumor volume was reduced to varying degrees in 5 patients (56%) after chemotherapy. The pathology of the tumor in these 5 patients was PNET in 2, AT/RT in 1, CPC in 1, and ETANTR in 1. The average decrease of the largest diameter of the tumor after chemotherapy was 33% (range 21%-60%). The tumor volume was unchanged in 2 patients. The pathology of the tumor in those patients was ependymoma in 1 and anaplastic ependymoma in 1. The tumor volume increased after chemotherapy in 2 patients. The pathology of the tumor was ependymoma in 1 and glioblastoma in 1.
second-look surgery
At the time of the second-look surgery, the vascularity of the tumor was considerably reduced and the tumor was more circumscribed in all cases. GTR was achieved in 8 patients (89%) and NTR in 1 (11%). The average blood loss was 150 ml (range 10-450 ml) and 20% of the estimated blood volume (range 2%-52%). Three patients (33%) required a blood transfusion in the perioperative period. There was no surgical mortality. One patient at 35 months of age had transient dysphasia postoperatively; no patient developed permanent neurological complications. Histopathological examination demonstrated fibrotic tissue circumscribing the tumor in 6 of the 9 cases (67%) (Fig. 1 ). There was a trend that such fibrotic tissue circumscribing the tumor was demonstrated more in high-grade tumors (6 [86%] of 7) than in low-grade tumors (0 [0%] of 2) (p = 0.08). There were no correlations between fibrosis and the chemotherapy regimen or patient age. There were also no correlations between fibrosis and intraoperative blood loss of the estimated blood volume or the findings of preoperative MRI.
Postoperative outcome
The mean follow-up period was 28 months (range 2-63 months). At the last follow-up, 2 patients (22%) had died (due to tumor progression in 1 and sepsis in 1), and 4 patients (44%) had no tumor recurrence.
illustrative case case 9
A 14-month-old boy presented with nausea and nystagmus. MRI showed an 8 × 5-cm mass in the trigone of the left lateral ventricle (Fig. 2A) . The patient underwent tumor resection; however, only a partial resection was achieved due to the significantly high tumor vascular-ity. The histopathological diagnosis was a CPC. After 2 courses of ICE chemotherapy, the tumor size decreased to 6 × 5 cm (Fig. 2B) . The patient then underwent a definitive resection. In the second surgery, tumor vascularity decreased, the interface between the normal brain tissue and the tumor was clearer, and GTR was achieved (Fig.  2C) . Histopathological examination demonstrated fibrotic tissue with hemosiderin circumscribing the tumor (Fig.  1) . Postoperatively, the patient received 3 courses of ICE chemotherapy. At his last examination, 15 months after the second surgery, he had been stable without evidence of disease.
discussion
The goal of the surgery in infants and young children with brain tumors is, in most cases, a GTR since a maximal resection has been proved to correlate with better survival for almost all major tumor types, including medulloblastomas, ependymomas, choroid plexus tumors, PNETs, AT/RTs, and high-grade gliomas. 6 On the other hand, brain tumors in infants and young children are frequently large and highly vascular, and complete resection is often difficult due to the risks of neurological complications and excessive blood loss. Relatively small circulating blood volume in infants and young children lowers the threshold of tolerance for intraoperative blood loss. In our series, neoadjuvant chemotherapy decreased the tumor vascularity and facilitated maximal resection, as previous studies have demonstrated. 5, 7, 9 The tumor resection was not hampered by hemorrhage from the tumor in all cases, and GTR was achieved in 89% (8 of 9 patients). The average estimated blood loss in our series was 20% of the estimated blood volume, which is comparable to that in previous studies with neoadjuvant chemotherapy (15%-19%). 1, 9 Three patients (33%) required a blood transfusion in our series, and there were no complications associated with the transfusion. Lafay-Cousin et al. reported the efficacy of neoadjuvant chemotherapy for reduction in tumor vascularity with CPCs. 5 Intraoperative blood loss was also significantly reduced in that series. The authors demonstrated that perivascular collagen within the fibrovascular core of the tumor papillae increased after ICE chemotherapy, which they suspect contributed to a decrease in tumor vascularity. 5 The other advantage of neoadjuvant chemotherapy for resection was reduction in tumor volume. In our series, the tumor volume decreased in 5 patients (56%) due to chemotherapy. The pathologies harbored by these 5 patients were PNET in 2, AT/RT in 1, CPC in 1, and ETANTR in 1. Van Poppel et al. also reported that 69% (9 of 13) demonstrated a decrease in tumor volume by neoadjuvant chemotherapy for infantile tumors. 9 In terms of histopathology, 3 PNETs, 2 AT/RTs, 1 CPC, 2 ependymomas, and 1 high-grade glioma responded to chemotherapy. 9 Lafay-Cousin et al. reported that 5 of 10 patients with CPC showed response to neoadjuvant ICE chemotherapy and tumor volume decreased, which facilitated further resection. 5 According to these results, PNET, AT/RT, and CPC tend to respond to chemotherapy. In all PNET and AT/RT cases and in more than half of the CPC cases, tumor size was reduced by chemotherapy.
Neoadjuvant chemotherapy also made tumors more circumscribed and defined, which makes it easier to dissect them from surrounding brain tissues and potentially decrease morbidity. 3, 8, 9 We demonstrated the fibrotic tissue circumscribing the tumor on histopathological examination of the specimen after neoadjuvant chemotherapy in 6 cases (67%), as shown in Fig. 1 . This fibrotic tissue circumscribing the tumor functioned as an interface between the tumor and surrounding normal brain tissues, and was considered to make the boundary clearer and the tumor dissection easier. This was the first histopathological demonstration of the circumscribed tumor after neoadjuvant chemotherapy, although subjective impression had been addressed about the tumor being more circumscribed after chemotherapy. 3, 8, 9 In our series and previous studies, ependymoma showed slight or no tumor shrinkage, or increase in tumor size after neoadjuvant chemotherapy. 9 Nevertheless, neoadjuvant chemotherapy significantly facilitated safe and maximal resection of ependymoma by making it more circumscribed. It was considered useful, especially in ependymomas of the fourth ventricle or the cerebellopontine angle. In these locations, it is very important to dissect the tumor safely from the floor of the fourth ventricle or the cranial nerves to achieve safe and maximal resection. Neoadjuvant chemotherapy facilitated the dissection, as a previous study has addressed. 3 In our series, one patient with cerebellopontine angle ependymoma underwent GTR without any complications, and another patient with a fourth ventricle ependymoma underwent GTR with transient dysphasia.
conclusions
Neoadjuvant chemotherapy for brain tumors in infants and young children was effective in reduction of tumor vascularity and clarification of the tumor-brain interface, which significantly facilitated maximal tumor resection.
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